We have shown that glycosylation of influenza A virus (IAV) hemagglutinin (HA), especially at position N-27, is crucial for HA folding and virus survival. However, it is not known whether the glycosylation of HA and the other two major IAV surface glycoproteins, neuraminidase (NA) and M2 ion channel, is essential for the replication of IAV. Here, we show that glycosylation of HA at N-142 modulates virus infectivity and host immune response. Glycosylation of NA in the stalk region affects its structure, activity, and specificity, thereby modulating virus release and virulence, and glycosylation at the catalytic domain affects its thermostability; however, glycosylation of M2 had no effect on its function. In addition, using IAV without the stalk and catalytic domains of NA as a live attenuated vaccine was shown to confer a strong IAVspecific CD8
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influenza A virus | glycosylation | vaccine design I nfluenza A viruses (IAV) belong to the Orthomyxoviridae family and can circulate widely and cross interspecies barriers through the highly antigenic drift and shift of the 18 subtypes of HA and 11 subtypes of neuraminidase (NA) (1, 2) . In addition, the posttranslational modification of the IAV surface proteins is important to circumvent host defense and support the virus life cycle (3).
HA is a major surface glycoprotein of IAV and is involved in viral infection via binding to sialic acid (SA)-containing glycans on the surface of host cell (3) . The other major glycoprotein of IAV, NA, is involved in the cleavage of SA on the host cell receptor to facilitate the release of viral particles to infect other cells (4) . M2, the third surface protein of IAV, has ion channel activity to regulate virus penetration and uncoating (1) . All surface proteins interact with M1 protein for virus assembly and release (5) .
The modification of HA and NA by N-glycosylation is important in the IAV life cycle (1, (6) (7) (8) . Previously, we have shown that the glycosylation of HA affects its receptor binding, immune response, and structural stability, and glycosite 27 is essential for retaining the structural integrity of HA and its receptor binding (6, 9) . In addition, using the monoglycosylated HA as immunogen, it showed a broader protection against various IAV subtypes compared with the fully glycosylated version (10) . However, it is not clear whether the other specific glycosites and their glycan structures on HA regulate its functions. With regard to NA, the functional roles of its glycosylation are not well understood, though N-glycosylation was reported to stabilize the protein from protease digestion and may affect the enzyme activity (11, 12) . The aim of this study was to understand the functional effects of glycosylation on HA, NA, and M2, and how glycosylation of the surface proteins affects the life cycle of IAV.
Results
Glycosylation of HA at N-142. Because several glycosylation sites (glycosites 27, 40, 176, 303, and 497) on HA are highly conserved among the H1, H3, and H5 subtypes (9), we used wild-type H1N1 A/WSN/33 (WSN) as a model to create or delete specific glycosites to address the effect of glycosylation by using reverse genetics ( Fig. 1A and Fig. S1A ). We found that the virus could not survive with glycosite-27 deletion (i.e., N27A mutation designated as 27-G), consistent with our previous finding that glycosylation at glycosite 27 played a key role in HA folding (6) . Similarly, we also mutated the highly conserved and potential glycosite at position 40, 176, or 303 to Asn (designated as 40 + G, 176 + G, and 303 + G) and evaluated the effect on replication. The results showed that the replication rates of variants with mutation at the highly conserved or potential glycosite (40 + G, 176 + G, 303 + G, or 497 − G) and WT were similar, but the replication rate of glycosite 142-deleted virus (142-G and 142-285-497-556-G virus) was two orders of magnitude lower than that of the WT virus in both Madin-Darby canine kidney cells (MDCK) and A549 cells, suggesting that glycosite 142 plays an important role in IAV replication (Fig. 1B and Fig. S1B ). In a circular dichroism study, the glycans at glycosite 142 did not affect the secondary structure of HA (Fig. S1C) , and the ratios of HA to M1 among the glycosite 142-deleted variants were similar, suggesting that glycosite 142 is not essential for virus assembly and/or maturation (5) (Fig. S1D) .
In the course of understanding the effect of glycosite 142 deletion on the life cycle of IAV, we found that glycosite 142 is very important for virus entry, because in the virus infectivity assay, very weak signals of HA and M1 were detected in the A549 cells infected with glycosite 142-deleted virus (142-G or 142-285-497-556-G virus; Fig. 1C and Fig. S1E ). The glycan array analysis showed that the glycosite 142-deleted virus interacted with more sialosides than the WT virus (glycans 8, 10, 11, and [15] [16] [17] [18] , and the same results were also observed from the corresponding HA protein, suggesting that glycosylation at glycosite 142 affects the receptor binding specificity of HA (Fig. 1D and Fig. S2 A-C) . In addition, glycosite 142 modulates the binding avidity of HA, because the glycosite 142-deleted virus showed lower fluorescence intensity in glycan array analysis, and had lower capability in hemagglutination and cell binding ( Fig. 1 D and E and Significance Influenza A virus (IAV) is a major threat to global public health, and so understanding the biology of IAV is essential to develop antiflu vaccines and therapeutics. Here, we show the links between viral surface glycosylation and IAV function. The glycosylation of HA modulates virus infectivity, and host immune response; the glycosylation of NA affects its structure, activity, specificity, and thermostability to regulate virus release and virulence. In addition, using live attenuated IAV without the stalk and catalytic domains of NA as vaccine can strongly induce IAV-specific CD8 + T-cell responses to various virus strains. Therefore, our findings have clarified the role of glycosylation in IAV and provided a new direction for the development of universal flu vaccines. S1F ). Although the glycosite 142-deleted virus can interact with more α2,3-sialosides in the glycan array analysis, it is not involved in the human and/or avian adoption of WSN HA, because the replication rate of 142-G or 142-285-497-556-G virus in LMH cell lines (from chicken hepatocellular carcinoma) was still two orders of magnitude lower than that of WT (Fig. S1G ). The molecular mechanism of avidity and specificity affected by the glycosylation at glycosite 142 was further studied and it was found that both avidity and specificity were modulated by the glycan composition. Treatment with a mixture of endoglycosidases (Endo-F1, F2, F3, and H) changed the interaction profile of the WT and 285-497-556-G viruses on the glycan array and the interaction patterns were similar to that of the 142-G and the 142-285-497-556-G viruses. Surprisingly, after treatment with the endoglcosidase mixture, the fluorescence intensity of the monoglycosylated virus on the glycan array was increased, but decreased in all types of nonglycosylated variants (PNGase F treatment; Fig. 1F and Figs. S1H and S2 D and E).
To study whether glycosite 142 is involved in the host immune response, we challenged mice with H5N1. The mice immunized with the inactivated 142-285-497-556-G virus survived for a shorter period and induced less HA antiserum compared with the mice immunized with inactivated WT virus, and the inactivated 285-497-556-G virus-immunized mice induced the same amount of HA antiserum but survived longer, and survived well in all cases after WSN challenge in the immunogenicity test ( Fig. 1 G and H and Fig. S1I ). This study suggests that glycosylation at glycosite 142 is important for the immunogenicity of IAV.
Glycosylation of NA and M2. To understand whether NA glycosylation is involved in the life cycle of IAV, the same virus strain A/WSN/33 was used as a model for investigation of each glycosite by using reverse genetics (Fig. S3A) . It was found that glycosites 44 and 72 (in the stalk domain) played an important role in virus replication, and the replication rate of the virus with deleted glycosites 44 and 72 (44-72-G or 44-72-219-G virus) was two orders of magnitude lower than the WT virus in both MDCK and A549 cells ( Fig. 2A and Fig. S3B ). Glycosites 44, 72, and 219 on NA were glycosylated to form variants of NA proteins with different molecular weights, but these variants showed similar molecular weights after treatment with the endoglycosidase mixture in Western blot analysis and gel filtration. (Fig. 2B and Fig. S3 C and D) . Interestingly, the secondary structures of these variants were slightly different, but became the same after deglycosylation (Fig. 2 C and D) . These results suggest that the glycans attached to glycosites 44, 72, and 219 are heterogeneous and affect the secondary structures of NA.
Glycans at N-44 and N-72 Affect NA Activity and Virulence. The glycans at glycosites 44 and 72 were also found to be important for the NA activity. The viruses without glycosites 44 and 72 (44-72-G and 44-72-219-G) showed significantly lower NA activity than the WT based on an assay using 2-(4-methylumbelliferyl)-α-D-Nacetylneuraminic acid (4-MUNANA) as substrate (Fig. 2E) . In addition, after the WT virus was treated with the endoglycosidase mixture, the molecular weight and NA activity were lower than that of the untreated virus (Fig. S3 E and F) . The glycans on NA affected the enzyme activity, affinity, and specificity, as the V max and the affinity value (K m ) for different substrates were altered. When 2′(4-meyhylumbelliferyl)-α-D-N-acetylneuraminic acid (4-Muα-Neu5Ac), and 6′-sialyl-N-acetyllactosamine (6-SLN) were used as substrates, the NA without glycosites 44 and 72 had lower neurominidase activity but the K m values of all mutants were similar. Surprisingly, when 3-SLN was used as substrate, the activity of NA with glycosite 44 or 72 deleted decreased about 50%, but the K m value increased more than twofold (Fig. 3A and Table S1 ). Interestingly, the virus production rates of these variants in LMH cells were related to the NA activity on 3-SLN, which is an avian receptor (13) (Fig.  3B) , suggesting that glycosylation on NA affected IAV replication in mammal and avian cells differently ( Figs. 2A and 3B ). In addition, whereas the NA without glycosite 72 (72-G) could interact with 6′-sialyllactose (6-SL) as substrate, none of the variants could interact with 3′-sialyllactose (3-SL; Fig. 3C and Fig.  S4A ). Interestingly, the activity of 44-72-219-G was similar to that of 44-72-G (with glycosite 219) from 25 to 40°C, but lower at higher temperatures (45, 50, and 55°C; Fig. S4B ). After 44-72-G was treated with the endoglycosidase mixture, the activity of NA was lower than that without treatment at 55°C, suggesting that the glycans on glycosite 219 (in the catalytic domain) affect the thermostability of NA (Fig. 3D and Fig. S4C ).
Glycosites 44 and 72 also modulate the virus release and morphogenesis, because the cells infected with WT, 44-G, and 72-G viruses released many more spherical viral particles, but the cells infected with the 44-72-G or the 44-72-219-G virus produced mainly elongated and filamentous shaped particles, which were not observed in the WT virus-infected cells (Fig. 3 E and F and Fig. S4 D-F) . In addition, mice infected with viruses without any glycans on NA (44-72-219-G virus) showed less-prominent changes in survival rate and body weight compared with the WTinfected mice, which had a 20% survival rate and considerable loss of body weight, suggesting that the glycosylation on NA affected virulence (Fig. 3 G and H) .
Live Attenuated Vaccine Without the Stalk and Catalytic Domains of NA Showed Broad Protection With Strong CD8
+ T-Cell Response. To study whether the NA activity would affect host immune response and its potential as live attenuated influenza vaccine (LAIV), we used the virus with nonglycosylated NA (44-72-219-G virus) as WSN-44-72-219-G) because it had low NA activity and virulence. However, the nonglycosylated NA virus showed a similar immunogenicity as WT (Fig. S5) . In addition, the NA activity had no effect on the efficiency of inactive vaccine, and the level of antibody produced was very low (14, 15) . Therefore, in an attempt to enhance the immunogenicity of NA, we generated a virus without both the stalk and catalytic domains of NA (LAIV WSN-NA) by adding a stop codon to the RNA genome segment of NA (Fig. 4A) . It was found that LAIV WSN-NA virus did not form the plaque in MDCK cells and could be rescued by expressing WT NA in the cell (Fig. S6 A and B) . After 24 hours after postinfection (hpi), the A549 cells infected by LAIV WSN-NA virus showed fewer viruses released into the supernatant, and the intracellular viral protein M1 was accumulated, suggesting that LAIV WSN-NA virus had a defect in virus release (Fig. S6 C and  D) . The body weight of mice infected with 1 × 10 6 pfu of WSN viruses rapidly decreased, and these mice died at 6 d postinfection. However, the mice infected with 1 × 10 6 pfu of LAIV WSN-NA viruses via oral administration survived well and showed no body weight loss, indicating that LAIV WSN-NA virus is an effective LAIV with low pathogenicity, and attenuation of viruses in cells is essential for the efficacy of live vaccine (Fig. S6 E and F) (16) . The immunogenicity of inactivated WSN-NA virus was similar to that of inactivated WSN virus in the immunogenicity test (Fig. 4B and Fig. S7 ). However, when LAIV WSN-NA virus was used as vaccine, it showed cross-strain and cross-subtype protection against WSN, A/Cal/07/2009, and H5N1 in the virus challenge study; the LAIV WSN-NA-treated mice survived well and cleared viruses from the lung, but did not induce any notable antibody response (Fig. 4 C-E and Fig. S8 A-D) . In addition, the protective ability of LAIV WSN-NA also showed a dose-dependent response (Fig.  S8E ). After the virus infected the peripheral blood mononuclear cells (PBMC) from LAIV WSN-NA-treated mice, CD8
LAIV (LAIV
+ T cells were specifically activated via IFN-γ and granzyme B expression, but the inactive virus did not show this activity, suggesting that LAIV WSN-NA can induce CD8 + T-cell activation upon virus infection (Fig. 4E and Fig. S8 F and G) . Furthermore, the highly conserved viral epitopes NP and M1 could also stimulate CD8 + T-cell activation (17) (Fig. 4G and Fig. S8G ). These results suggest that NA plays a key role in regulating the host immune response via CD8 + T-cell activation and LAIV WSN-NA is an effective vaccine.
Finally, we found that there was one glycosite on M2, but it did not affect virus replication (Fig. S9) .
Discussion
In the seasonal H1N1 strains, glycosite 142 is believed to play a significant role in evading the human immune response (8) , and human H3N2 IAV also gains the glycosite in this region (glycosite 144 in H3 numbering) during evolution through positive selection (18) . Surprisingly, we found that after IAV acquired glycosite 142, the efficiency of virus infectivity was promoted by the regulation of the HA-SA interaction, and the host immune response was altered. Therefore, we believe that glycosite 142 is an important factor that should be considered in the development of vaccines against human IAV.
Several studies have suggested that diversification in the stalk domain of NA is associated with the virulence and transmission of IAV, from ducks to land-based poultry, and its spread among humans via evolutionary processes, including sequence deletion and glycosite modification. However, the structural and functional roles of the stalk domain of NA were unknown thus far, and there was no report about the glycosylation of these canonical glycosites (19) (20) (21) (22) (23) . In this study, we prove that the glycosites in the stalk domain of NA are glycosylated to regulate the activity, affinity, and specificity of NA to modulate IAV replication, suggesting that the glycans in the stalk domain of NA play an important role in the virulence and transmission of IAV. However, the relationship between NA activity and the diversity of the stalk domain, and whether the virus release is regulated by the glycosylation in the stalk domain is still unknown (24, 25) . Our study here revealed that NA glycosylation is important for IAV virulence and transmission.
Recent development of universal influenza vaccines is focused on the use of conserved peptides or proteins as antigens with different adjuvants and administration methods to induce immune response (26) (27) (28) (29) . Expression of the conserved regions of IAV proteins by using viral vector systems can induce CD8 + T cells against lethal IAV challenge in animals, but it still only recognizes one target (30) . Another type of vaccine based on the mixture of MVA-NP and M1 was also reported (31) . In this study, the IAV without the stalk and catalytic domains of NA was found to significantly induce IAV-specific CD8 + T cells that recognize various strains and different subtypes of IAV in the absence of neutralizing antibodies. Although it is known that human IAV-specific CD8 + T cells provide cross-protection against influenza (32) , it is important to further understand how the stalk and catalytic domains of NA affect host immune response. We believe that our findings provide an understanding of glycosylation on influenza cell surface and an innovative direction for the design of a universal influenza vaccine (33, 34) .
Materials and Methods
Generation of Recombinant Viruses. Eight fragments of A/WSN/33 viral genome were amplified by RT-PCR. We used the putative sequon N-X-S/T to create (from different amino acid to N) or delete (from N to A) the glycosites in the HA genome, and added a stop codon in the NA genome to remove the stalk and catalytic domain of NA by using site-directed mutagenesis. The viral cDNAs were inserted into pcDNA3.1 containing the pol I and CMV promoter similar to the generation of pHW2000. Recombinant viruses were generated by the eight-plasmid cotransfection method into MDCK/293T cells according to the published protocol (35) . Supernatants were collected, titrated, and frozen at −80°C until use. For the preparation of virus without NA stalk and catalytic domains (LAIV WSN-NA), we generated NA expression-stable MDCK/293T cell lines to rescue, maintain, and analyze the virus (16) . Briefly, full-length NA (from WSN strain) was cloned to a cDNA expression lentivector (pLAS2w.Ppuro) to generate NA-expression lentivirus using the protocol provided by the National RNAi Core Facility, Academia Sinica, Taiwan (rnai.genmed.sinica.edu.tw). HEK293T and MDCK cells were infected with NA-expression lentivirus with triple multiplicity of infection in the presence of Polybrene (Sigma) at a final concentration of 8 μg/mL. Cells were incubated with virus for 24 h before replacing the medium with selective medium containing puromycin (3 μg/mL; Invitrogen). After a 3-d incubation, total cell lysate was collected to check the expression efficiency of NA by Western blot analysis.
Mice Treated with LAIV WSN-44-72-219-G and LAIV WSN-NA. LAIV WSN-NA virus was cultured in MDCK cells with NA expression. A total of 25 μL of LAIV WSN-44-72-219-G or LAIV WSN-NA (nonlethal dose for WT WSN) were introduced into each nostril on days 0 and 21 while the mouse was conscious and the virus did not reach the lower respiratory tract. Then the immunogenicity test procedure was performed as described in SI Materials and Methods (14) .
All animal experiments were evaluated and approved by the Institutional Animal Care and Use Committee of Academia Sinica. More details are provided in SI Materials and Methods.
